Long-term studies of hybrid zones can provide valuable insight into a number of questions that have long attracted the attention of evolutionists. These questions range from the stability and fale of hybrid zones to the relative fitness of hybrids. In this paper we report the results of a 14-year survey of the Allonemobius fasciatus-AUonemobius socius hybrid zone. Populations were collected intensively in 1986 and 1987 and then more sporadically through the end of the 1980s and throughout the 1990s. By documenting changes in the genetic composition of populations near and within the zone during this period of time we assessed: the strength of the reproductive isolation between the two species; the relative growth rates (which can be considered a surrogate of relative fitness) of genotype classes corresponding to hybrids and to pure species individuals; and, the power of single-year and multi-year measurements of relative growth rates to predict changes in the genetic composition of mixed populations through time. In brief, we found very large year-to-year variation in the relative growth rates of pure species and hybrid individuals. This variation may reflect the fact that both species are at the edge of their range and perhaps at the limits of their ability to deal with environmental perturbations. As a consequence of the variation, even multi-year estimates of relative growth rates often provided imprecise predictions regarding the future genotypic composition of mixed populations. Despite our limited ability to predict the dynamics of individual populations, some trends are apparent. A. socius, the southem species, has clearly increased in frequency along a transect through the Appalachian Mountains, indicating that the zone is moving north in this region. In contrast, the zone appeared to be more stable along the East Coast transect. Within mixed populations, character-index profiles are often bimodal and stable through time, indicating relatively strong reproductive isolation between the two species that is not being reinforced, nor is it breaking down.
Introduction
One of the more important and contentious controversies surrounding hybrid zones centres on the fitness of hybrids relative to that of pure species individuals. In spite of opposition by a vocal minority (Anderson 1949; Stebbins 1959; Moore 1977) , the majority viewpoint among evolutionists over the course of the past 40 years has been that hybrids (a category that typically includes F, individuals and backcrosses) are less fit than pure spedes individuals Correspondence: S. C. Britch. Fax: (505) 646-5665; E-mail: sbritch@nmsu.edu (Dobzhansky 1940; Mayr 1942 Mayr , 1963 Wagner 1969 Wagner , 1970 Barton &: Hewitt 1981) . However, in recent years the minority perspective has been bolstered by a number of empirical studies demonstrating that some hybrid genotypes can be more fit than pure species genotypes (Cruzan & Arnold 1993; Grant & Grant 1996) and by the publicafion of a major monograph arguing that estimates of hybrid fitness in the literature are largely inadequate (Arnold 1997) .
There are several fundamental reasons why estimates of hybrid fitness are important. For example, models that have liad a major infiuence on modem thinking regarding the dynamics and stability of hybrid zones incorporate assumptions about the fitness of hybrids (Endler 1977; Moore 1977; Barton & Hewitt 1981; Harrison 1986; Howard 1986) . Moreover, the tate of hybrid zones, that is, whether they lead to the evolution of reproductive isolation between the hybridizing taxa, to the hjsion of the two taxa, or to the creation of a hybrid species, depends critically on the relative fitness of hybrids and pure species individuals (Dobzhansky 1940; Moore 1957; Wilson 1965; Paterson 1978; Butlin 1989; Howard 1993; Arnold 1997) .
Hybrid fitness can be studied in a number of settings ranging from the laboratory to the field, but it is generally agreed that because of the importance of genotypeenvironment interactions in determining fitness, a natural setting provides better information than laboratory or greenhouse conditions. One of the most powerful means of assessing hybrid fitness in nature is through a cohort-tracing study and a number of investigators have used this approach (Dowling & Moore 1985; Kocher & Sage 1986; . In a cohort-tracing study, a cohort is followed through time in one or several mixed populations to determine the relative survival of hybrid genotypes and pure species genotypes. Although following a single cohort through time documents differences in survival, it provides little information regarding other components of fitness, such as success in mating. Moreover, it is unclear whether results from the typically short intervals of time over wliich cohort data are collected are representative of results from longer periods of time.
With respect to the length of time over which data are collected, at present relatively few long-term studies of hybrid zones have been conducted. Of the existing long-term studies, very few shed light on how relative fitnesses vary over time, largely because the studies were not designed for this purpose. For example, in some cases variation over time in relative fitnesses cannot be determined because samples were taken at intervals of several years with little or no data from intermediate years (Moore & Buchanan 1985; Dessauer & Cole 1991; Uxicley 1992; Abernethy 1994; Urbanelli et al. 1997) . In other cases, fitness data are not available because recent cytogenetic and morphological data are compared to previously gathered morphological descriptions alone (Szymura & Barton 1986; Woodruff & Gould 1987) . A further concern is that recent data are sometimes compared to earlier data gathered by different investigators (Arntzen & Wallis 1991; Sullivan 1995) or to data from informal historical records (Burton & Martin 1976) . This is not to say that the fitness of hybrids has never been studied from a long-term perspective. Stebbins & Daly (1961) demonstrated an improvement in Helianthus hybrid fitness over the course of eight years in an intermediate environment. McDormell et al. (1978) graphed morphological hybrid index scores from three Pseudophrync sites over 15 years. The profiles elegantly illustrated the advance of one taxon south into the range of another and the creafion of new mixed populations. In addition, the profiles provided evidence that the fitness of one parental type was less than that of the other taxon and of hybrids. In the Galapagos, three species of Geospiza produced hybrids that survived as well as or better than the parental types over an eightyear census (Grant Sz Grant 1992) . However, none of these studies quantitatively assessed the power of short-term studies to predict long-term changes in the genotypic composition of hybrid zone populations.
Herein, we report the results of long-term genetic monitoring of the mosaic hybrid zone between the univoltine ground crickets, AUotiemobius fasciatus and A. sociits. These are sister spedes (Howard 1983 ) that inliabit disturbed grassy areas throughout eastern North America (Howard & Furth 1986) . A. fasciatus has a northern distribution occurring from Canada south to New Jersey, Pennsylvania, Ohio, Indiana and Illinois. A. socius occurs from New Jersey to Florida and at least as far west as Illinois. The two species meet in a mosaic hybrid zone of varying width that stretches from New Jersey, through the Appalachian states, to Illinois (Howard & Waring 1991) . Adaptation to a northern climate by A. fasciatus and to a southern climate by A. socius may account for the mosaic nature of the zone. In areas of topographic diversity, such as the Appalachian Mountains, A. fasciatus and mixed ptipulations occur at higher elevations than A. socius populations (Howard & Waring 1991) .
In contrast to earlier cohort analyses of hybrid zones, including the previous analysis of the Alloneinohius zone , we draw from 14 years of data obtained from two landscape-level transects and 10 mixed populations. These data allow us to follow changes in the genotypic composition of populations through time. From these changes we calculate relative growth rates of three genotype classes, one corresponding to pure A. fasciatus, one corresponding to pure A. socius, and one corresptmding to hybrids. Assuming no migration, no successful fertilizations among different genotype classes and no production of pure spedes genotypes from matings among hybrids, relative growth rates provide direct measures of relative fitnesses of individuals comprising the three genotype classes. Because these assumptions are violated in this system (and in virtually all other hybrid zones), we consider relative growth rates to be very rough estimates of relative fitnesses. In addition to calculating relative growth rates, we assess: the predictive power of these measurements, geographical variation in these measurements, movement of the zone and the strength and stability of barriers isolating until 1999 (Eig. 1). Initially, the sampling effort was intensive, with some mixed populations sampled three times each in and 1987 . From 1988 , sampling was more sporadic with efforts concentrated on mixed populations; that is, populations composed of Allonemobius fasciatus, A. socius and their hybrids. Most populations were sampled in 1998 and 1999 (however, only a few of the 1999 samples have been characterized electrophoretically). Collecting trips after 1987 took place in the first half of July; therefore populations were sampled at about the same time each year. Although no ptipulation was visited every year during the 11-year interval from 1987 to 1997, some mixed populations were sampled as often as nine times, permitting a detailed examination of changes in genotypic comjxisition of the populations through time.
Crickets were collected with a sweep net from welldefined areas of appropriate habitat. A. fasciatus and A. socius occur in low-lying, wet, short grass areas. Thus, even in large pastures only a limited part of the pasture will support a population of these species. These limited areas were the targets of our collecting efforts and at each site the same area was sampled during every visit. Genotypic composition of subsamples (ranging in size from 23 to 110 individuals) within large collections (>100 crickets) obtained at Mountain transect (MTN) 40 in 1986, and East Coast transect (EC) 58 and MTN 26 in 1987 showed no significant differences (1.000 £ P > 0,100, log-likelihood test), suggesting that samples of the sizes reported in this paper provide reasonable representations of populations. Collections were immediately frozen in liquid nitrogen and later transferred into a -80 °C ultra-cold freezer.
Elecfrophoretic characterization of individuals
A.fnsciatus and A. socius are morphologically indistinguishable (Howard & Furth 1986 ) but can be easily discriminated from one another via protein electrophoresis (Howard 1983) . The two species are fixed for alternative alleles at the hexokinase {Hk) locus. At three other loci , glutamic-oxalacetic transaminase (Got) and isocitrate dehydrogenase-1 {Idh-l)], alleles unique to one or the other species occur at high frequency. At two loci, Pep-3 and Got, the predominant alleles in A. fasciatus populations (1.00 and 1.00, respectively) occur with a frequency of less than 0.05 in allopatric A. socius populations (Howard & Waring 1991) . At the third locus, Idh-\, the most common Howard (1982 Howard ( ,1983 .
We computed a character-index score for each individual based on its genotype at the four loci surveyed. From the character-index scores, we constructed a character-ind ex profile for each population at each sampling time. Characterindex profiles provide powerful insight into the genotypic composition of a population and changes in that composition through time (Howard etal. 1993; Jiggins & Mallet 2000) . Character-index scores were computed by assigning a score of +1 to alleles specific to A. fasciatus and a score of -1 to alleles specific to A. socius. The character-index score of an individual represented the sum of its scores over all four loci. Because three loci iHk, Pep-3 and Got) had unique alleles in A. fasciatus, but only two loci {Hk and hih-\) had unique alleles in A. socius, the score of an individual could range from -4 to +6 (Table 1 ). Individuals lacking alleles of A. socius were regarded as pure A. fasciatus, whereas individuals without alleles of A. psciatus were regarded as pure A. socius. Individuals harbouring alleles of both species were deemed hybrid. Although the number of electrophoretic markers is relatively small, there is remarkable congruence among identifications based on these markers and identifications based on a suite of random amplified polymorphic DNA (RAPD) markers (Chu etal. 1995) . Significance of year-to-year variation in the frequency of A. fasciatus, A. socius and hybrids within mixed populations was assessed with an unbiased estimate of the P-value of a log-likelihood (G-based) exact test (Goudet et al. 1996) .
Assessing the predictive power of relative growth rates
As a proxy for estimating the relative fitnesses of A. fasciatus, A. socius and hybrid genotypes we calculated relative growth rates 0.^ ^^^^., X,, ^^ and \^.i) of genotype classes in mixed populations (Wilson &: Bossert 1971) . The calculations were based on changes in the frequencies of each genotype class from the July sample of one year to the July sample of the following year. Because A. fasciatus and A. socius are univoltine in mixed populations, every component of fitness, from survival to mating success, is reflected in year-to-year changes in genotype frequencies. Tliere are, of course, other factors that could influence the growth rate of a genotype class besides fitness, notably migration and successful matings (those that result in fertilization) among individuals of different classes. However, the low frequency (generally less than 1-3%) of long-winged individuals capable of long-distance dispersal within populations from tlie hybrid zone, and the relative isolation of each field site from other habitats appropriate for these crickets suggests that migration does not have a large impact on year-to-year changes in genotype frequencies. Tlie effect of successful matings among individuals from different classes on yearto-year variation in genotype frequencies is more difficult to infer. However, because most successful matings among classes will result in the production of individuals with both pure species and hybrid genotypes, these matings are unlikely to have a disproportionate effect on any one genotype class. Finally, the predictive value of measurements of relative growth rates of genotype classes is a compelling question, wheUier or not one chooses to regard relative growth rates as surrogates of relative fitnesses.
We evaluated the predictive value of relative growth rates of genotype classes by employing two approaches. In the first approach, we used growth rates calculated from the first available pair of consecutive sample years to project frequencies of the tliree genotype classes in each subsequent year up to and including 1998 or 1999. Tliese projected frequencies were then compared to observed frequencies. This approach evaluates the predictive power of single-year estimates of relative growth rates. In the second approach, we simulated the dynamics of each gentv type class via a Monte Carlo method that randomly chose growth rates from all available pairs of adjacent years. We applied this approach to the three most intensively studied populations, MTN 26, MTN 17 and EC 58, for which we had four, five and five relative growth rate estimates, respectively. In the simulations, genotype class dynamics were followed for 12 or 13 years, depending on how many years of observations we had for each ptipulation. For each population, the simulations were repeated 10 000 times, enabling us to determine the precision of the genotype class frequencies predicted over time. Genotype class frequencies predicted by the Monte Carlo simulation were compared to frequencies observed in the last year of sampling, which was 1999 for the MTN 26, MTN 17 and EC 58 populations. Because the Monte Carlo method uses measurements from several pairs of adjacent years, it provides an assessment of the predictive power of multiyear estimates of relative growth rates.
Population genetics of seven loci
To gain insight into the population genetic structure of pure species ptipulations as well as mixed spedes populations, we evaluated variation at three polymorphic loci, phosphoglucose isomerase Wgi), esterase (Esf) and aconitase {Aeon), in addition to variation at the four diagnostic loci. The analyses were performed by the GENEPOP 3.ID software package (Raymond & Rousset 1995) , which is described in detail at bttp://www.cefe.cnrs-mop.fr/. For each population in each year, we measured F[g and tested for Hardy-Weinberg equilibrium and pairwise linkage disequilibrium. We measured differentiation among populations within transects (F^j^ in 1986 and 1998, the only years for which data from most populations were available, by using Weir & Cockerbam's (1984) adaptation of Wright's (1951) Fj;j. Because we were interested in differentiation among populations within a species rather than differentiation among populations between species, A. fasciaius and A. socius populations were analysed separately. We included nuxed populations in tliese analyses by removing hybrids and individuals of the 'wrong' species prior to analysis. Hybrids were removed from the analysis because their inclusion would inflate fgv alues, underestimating the level of gene flow among populations.
Results

Character-index profiles
The character-index profiles of all populations are shown in Fig. 2 . Because we concentrated on collecting populations in or near the bybrid zone, virtually all populations contained at least a few individuals that were considered liybrid; that is, the individuals possessed alleles characteristic of both species. Populations that we considered mixed on tbe basis of harbouring piire species individuals of both AUonemobius fasciatus and A. socius in 1986 (or the Brst available sample year) were MTN 25, MTN 26, MTN 27, MTN 32, MTN 33, MTN 37, EC 53, EC 57, EC 58 and EC 59. In many of these populations the distribution of genotypes was bimodal/ with peaks near the two ends of tbe character-index charts (A. fasciatus individuals duster towards tbe +6 end and A. socius individuals duster towards the -4 end), a clear indication tbat the two species tend to remain distinct in mixed populations, despite the presence of some hybrid individuals. The exceptional population was MTN 37. Here the distribution of genotypes was relatively unimodal and clustered in the centre of the distribution in all three years for whicb we have samples. Consistent with this observation, the proportion of hybrids was higber in MTN 37 (ranging from 0.58 to 0.61) than in any other mixed population.
Coexistence of the two spedes as separate genetic entities in mixed populations is supported by Hardy-Weinberg equilibrium considerations, as well as by measurements of linkage disequilibrium for pairwise combinations of diagnostic loci (fiill presentation of these results available at http://mvar.nmsu.edu/LEEG/). In all cases in which bimodality occurs, linkage disequilibrium P-values are low, and most or all lod containing diagnostic alleles display high F|s values and significant deviations from HardyWeinberg equilibrium expectations. In contrast, linkage disequilibrium P-values are bigh in mixed populations in which one species dearly predominates, for example the 1986 samples from MTN 25, MTN 32, and EC 53. In mixed populations such as MTN 27 that gradually lose a parental genotype class and as a result become unimodal, P-values increase over time. Also, as expected based on tbe high proportion of hybrids it harbours, MTN 37 displayed weak linkage disequilibrium and no significant deviations from Hardy-Weinberg equilibrium expectations at diagnostic loci. F^p values for polymorphic loci were generally low for botb species in both transects (less than 0,05). The single exception was A. fasciaius from the Mountain transect which exhibited a moderate amount of genetic differentiation among populations iFe,^^ = 0.1111).
The genotypic composition of seven of the mixed populations (MTN 26, MTN 27, MTN 32, MTN 33, EC 57, EC 58, EC 59) changed significantly over time (log-likelihood test, P < 0.005). These changes provide a compelling picture of the fitness of the three classes of genotypes: A. fasciatus, A. socius and hybrid. The most evident change was the loss of A. fasciatus in three populations by 1998. In one of the populations (MTN 32), individuals of .A. fasciatus were rare to begin with and the loss may reflect little more than a limited sample size in 1998. However, such an explanation will not hold for MTN 27 and MTN 33. In these populations, A. fasciatus occurred in relatively large numbers in 1986. Moreover, the relatively frequent sampling of MTN 27 reveals a gradual decline through time otA. fasciatus. In all three populations, the loss of A. fasciatus was accompanied by an increase in the frequency of A. socius.
The other mixed population in which A. socius appeared to enjoy a fitness advantage was EC 57. Here, A. socius occurred at barely detectable levels in 1986. However, by 1998, it was the predominant genotype class in our samples.
The picture was not entirely bleak iorA.psdatus. In one population (EC 59), A. fasciatus individuals predominated throughout the 13-year survey, reaching a peak of relative abundance in 1991 and 1992. In two other populations (MTN 26 and EC 58), the frequency of A. fasciafus increased substantially during at least part of the survey period. The dynamics of these latter populations were relatively complex. Beginning Viith MTN 26, the proporfion of A. fasciatus declined greatly from 1986 through 1989. However, in tbe early 1990s tbis trend reversed itself, and A. fasciatus occurred in greater Two of the three mixed populations that did not exhibit significant changes in genotypic composition through time (MTN 25 and EC 53) were collected only twice and were dominated by A. socius in both collections. It is of interest that A. fasciatus were not detected in either population in the 1998 sample; however, the rarity of this spedes in the 1986 collections and limited sample sizes in 1998 mean that little weight should be attached to this observation.
The final mixed population (MTN 37) was unique. Whereas hybrids either declined or remained stable at moderate to low frequencies in nine of the mixed populations, MTN 37 was the orJy population in which hybrids were the predominant genotype class in every year sampled. This predominance and the stability of the genotypic composition of MTN 37 through time suggests that hybrids are as fit as pure species individuals in this population.
The long-term surveys of the mixed populations indicate that, at least along the Mountain transect, the southern species {A. socius) increased in frequency to the detriment of A. fasciatus and hybrids. A similar picture emerges from a consideration of single species populations collected from this transect. 
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The predictive power of single-year estimates of relative growth rates
For the most part, predictions regarding the genotypic composition of mixed species populations based on relative growth rates calculated from the first available pair of consecutive sample years (usually 1986-87) , failed to match the observed genetic composition of mixed species populations in 1998 and 1999. For example, in MTN 26, MTN 37 and EC 57, single-year estimates of relative growth rates predicted the fixation of A. socius genotypes by 1998 or 1999. However, both hybrids and A. fasciatus persisted in these populations (Fig. 2) . Very large increases in the frequency of hybrids (to a proportion greater tlian 0.95) were predicted for EC 59 and MTN 27. In reality, in the final year of sampling, A. fasciatus was the most frequent genotypic class in EC 59 and A. socius was the most frequent genotypic class in MTN 27. Finally, the fixation of A. fasciatus genotypes was predicted for the MTN 33 population; however, this genotype class was absent from the population in 1998. By then, the most common genotype class was A. socius.
The genotypic composition of EC 58 most closely matched expectations based on a single-year estimate of relative growth rates (Fig. 3) . The predicted frequencies of A. socius and A. fasciatus were 0.70 and 0.30, respectively; whereas, the observed frequencies in 1999 were 0.71 and 0.07. However, even in this case, the frequency of A. fasciatus poorly matched the expected frequency and hybrids, which were not expected to occur at all, were found with a frequency of 0.21.
The three mixed populations thaf were intensively sampled (MTN 26, MTN 27, EC 58) provide insight into the failure of single-year assessments of relative growth rates to predict long-term changes in mixed populations (Fig. 3) . In these three populations relative growth rates calculated from several consecutive pairs of sampling years vary greatly from one measurement period to another, with one genotype class often supplanting another as the fastest growing (Fig. 4) . It is bttle wonder, given the year-to-year variation in relative growth rates documented in Fig. 4 , that data collected from a single pair of years do not accurately forecast the genotypic composition of a mixed population 12 or 13 years into the future.
The predictive power of multi-year measurements of relative growth rates
The mean frequencies predicted from the Monte Carlo simulations provided reasonable (EC 58) to very close (MTN 26 and MTN 27) matches to the observed genotypic composition of these intensively studied populations (Fig. 3) . However, the growth-rate data shown in Fig. 3 are so variable that the precision of predicted frequencies is often low. For example, in MTN 26, the 90% confidence 1987 1989 1991 1993 1995 1997 1986 1988 1990 1992 1994 1996 1998 Year intervals ranged from zero, or very dose to zero, to =90% for all three genotype classes (Fig. 3) . Similarly, in EC 58, the confidence intervals for the two parental species were very broad. Overall, for the MTN 26 and EC 58 populations, the Monte Carlo confidence intervals were so broad that for most or all genotype classes, a wide range of observed frequencies would fall within them; in such cases, the predicted frequencies are not very informative.
1985
In MTN 27, results from the Monte Carlo simulations were somewhat less variable. In 1999 the frequency of A. socius was predicted to range from 52 to 99%, the frequency of hybrids was predicted to range from 1 to 47%, and the frequency of A. fasciatus was predicted to be zero (with no variance about that final prediction). Thus, for MTN 27, confidence intervals were narrow enough for us to make the following rough yet still informative prediction: we should find greater than 50% A. socius individuals, less than 50% hybrid individuals, and no A. fasciatus individuals. The observed data fell within these ranges (Fig. 3) .
Discussion
One of the most important results to emerge from repeated sampling of the AUonemobius fascialus-AUonemobius socius hybrid zone over the course of 14 years is the conspicuous year-to-year variation in relative growth rates of the three genotype classes {A. fasciatus, A. socius and hybrid) within mixed populations (Fig. 4) . Because of this variation, observed genotypic compositions of mixed populations at the end of the 14 years failed, in general, to match predictions based on single-year estimates of relative growth rates obtained at the beginning of this time period. The match between predicted composition and observed composition improved when predictions were based on multi-year estimates of relative growth rates; but even then, year-to-year variation often led to imprecise predictions (Fig. 3) .
The variation in relative growth rates in mixed populations emphasizes the contingent nature of relative growth rate (and fitness) estimates and runs counter to the assumption of constant fitnesses implicit in short-term studies of hybrid zones. By contingent nature, we mean that relative growth rates of hybrid and pure species genotypes may depend on a suite of environmental parameters that will vary from year to year. Which class of genotypes will have an advantage with regard to survival, mating and offspring production may change depending on perturbations in one or several of these parameters. Although the contingent nature of fitness is a familiar theme in evolutionary biology (Dobzhansky 1951; Endler 1977 Endler , 1986 Grant & Grant 1998) , it may be a particularly important consideration to be kept in mind by hybrid zone researchers who often study populations at the edge of species ranges. In such populations, pure species individuals may be at the limit of their abilities to contend with the physical and biotic environment, and small perturbations in the environment may have a major impact on relative fitnesses.
Despite variation in the relative growth rates of genotype classes from one year to another, long-term trends in the genetic composition of populations from the A. fasciatus-A. socius hybrid zone do emerge after 14 years. Perhaps the clearest trend is an increase in the frequency of A. socius through time in many, although not all, populations from the Mountain Transect (Fig. 2) . These increases suggest a northward movement of this southern cricket and may reflect a response to warming of the climate in the Appalachian Mountains. In earlier work, Howard & Waring (1991) demonstrated a very close relationship between elevation and the genetic composition of AUonemobius populations in the Appalachians. Wherever a pure population of A. fasciatus or a mixed population occurred south of an ^4. socius population, the A. fasciaius and mixed populations were at higher elevations than the A. socius population. This finding, as well as the fact that the hybrid zone is narrow in areas of low topographic diversity (the eastem coastal plain and Illinois), indicates that climate plays an important role in determining the ranges of these two species and in determining the width and structure of the hybrid zone that separates them (Howard & Waring 1991) .
Additional evidence for the importance of climate emerged from an earlier cohort tracing study (Howard cl al. 1993) . In this study, the frequency of A. socius consistently increased over the course of a field season in five mixed populations distributed from Illinois to the East Coast, demonstrating that A. socius survival from early instar nymph to adulthood was greater than that of A. fasciatus and hybrids. However, this survival advantage did not always translate into an increase in frequency of A. socius among early instar nymphs of the next generation, apparently because -4. fasciaius eggs survived some winters (presumably colder winters) at a higher rate than A. socius eggs. The advantage enjoyed by each species at a different stage of the life cycle would allow for coexistence, but only as long as the environment did not change. A series of harsh winters would drive down the numbers of A. socius and a series of mild winters would result in a decline in tbe frequency of A. fasciatus. It is now generally conceded that, globally, the climate is warming (Gates 1993; Houghton 1997; Hughes 2000) and it is possible that this wanning accounts for the increase in the frequency of A. socius along the Mountain Transect. This very preliminary hypothesis raises the question of why a similar increase in the frequency of A. socius is not seen in East Coast populations near and within the zone. One possible answer is that the Atlantic Ocean buffers temperature and moisture fluctuations brought about by climate warming (Schlesinger 1997) . Therefore, the eastern coastal plain of the United States has been less subject to warming than interior regions of the country.
One general finding of earlier studies (Howard 1986; Howard & Waring 1991; Howard ct al. 1993 ) is repeated in this long-term look at the A. fasciatus-A. socius hybrid zone; that is, the bimodality of character-index scores from many mixed populations. This bimodality reflects the strong, yet incomplete reproductive isolation between the two taxa. The persistence of the pattern through time in populations that do not lose A. fasciatus, such as EC 58, indicates that barriers to gene flow between the two species are not breaking down. At the same time, the continued presence of hybrids in mixed populations demonstrates that reproductive barriers are not being reinforced. The explanation for this evolutionary stalemate is not clear. One possibiUty is lack of time. Even apparently stable mixed populations may persist for a relatively short period of time (from an evolutionary perspective) and barriers to gene flow may not have time to build up or break down.
Alternative explanations for the lack of reinforcement are weakness of reinforcing selection and lack of necessary variation. These possibilities are explored in detail in Doherty & Howard (1996) . Briefly, heterospecific matings do not appear to be costly to females of either species. Indeed, they may be beneficial. Females mating with heterospecifics gain a nuptial feeding (they chew on a tibial spur and appear to consume haemolymph during copulation) as well as a spermatophore. Moreover, because the two species are isolated by conspecific sperm precedence Gregory & Howard 1994; Howard ft al 199Sa,b) , females who mate with heterospecific males will produce few if any hybrid offspring, provided they mate with conspecific males as well. Multiple mating by females is the rule in these species, and as a consequence conspecific sperm precedence is an effective barrier to gene flow in mixed populations (Howard et a!. 1998a ). The question then becomes why preference for conspecific females does not evolve in males. Feeding a heterospecific female who will not utilize one's sperm to fertilize eggs seems to entail cost with no benefit. We can offer little insight into this conundrum other than to note the obvious; namely, that the variation in mate preference necessary for the operation of reinforcement may not exist in males of either spedes.
Why barriers to gene flow do not break down between A. fasciatus and A. socius is, in some ways, more puzzling than the lack of reinforcement. Hybrids, generally in the form of backcross individuals, exist throughout the zone of overlap. These hybrids sen,'e as a connection between the gene pools of A. fasciatus and A. socius and one would expect this connection to ertxJe genetic differences between them, including those differences responsible for reproductive isolation. Yet in only one population, MTN 37, does something approaching a hybrid swarm occxir. The formation of a hybrid swarm, given the strength of conspecific sperm precedence (Gregory & Howard 1994; Howard et al. 1998a,b) , would take time, and as noted above, time may be lacking in most mixed populations. Alternatively, the genes responsible for conspecific sperm precedence may be linked to genes that are selected against in backcross individuals and consequently the fonner genes may not easily cross the spedes boundary. Thus, although some gene exchange occurs, it may not reduce the strength of the reproductive barrier between A. fasciatus and A. socius.
Finally, we are left with the question of hybrid fitness. The persistence of hybrids in virtually all populations within and near the contact zone between A, fasciatus and A. socius has particular relevance to this question. If hybrids are less fit than pure spedes individuals, as often assumed by evolutionists (Dobzhansky 1940; Mayr 1963; White 1969; Endler 1977; Barton & Hewitt 1981; Leibowitz 1994) , why do hybrids not disappear from populations, particularly populations composed primarily of a single species (e.g. NfTN 40, EC 60a)? First of all, hybrids between A. fascinttis and A. socius may not be less fit, as demonstrated in Fig. 4 . In the three most intensively sampled populations (MTN 26, MTN 27, EC 58) , hybrids comprised the fastest growing genotype class over at least one pair of years. Moreover, hybrids are viable and fertile in the laboratory ) and have dominated one population (MTN 37) for more than a decade, providing additional evidence that such individuals can be as fit or more fit than pure spedes individuals under some conditions. Indeed, reports of hybrid fitness equal to or greater than parental species are increasingly frequent in the literature (Graham et ai 1995; Arnold et al. 1996; Bell 1997; Hercus & Hoffmann 1999; Dessauer et al. 2000) .
Another factor that may help explain the persistence of hybrids is the nature of the reprcxluctive barrier that separates A. fasciatus and A. socius. Because conspecific sperm precedence is very strong, the frequency with wliidi hybrids are produced may increase as one spedes becomes less abundant in a population (Howard etal. 1998a) . When both species are common, conspecific mates are available in abundance and conspedfic sperm precedence will serve as an effective barrier to gene flow. However, below a yetto-be-determined threshold of relative abimdance, females of the less abundant spedes will have a difficult time finding a conspecific mate and some of these females will mate exclusively with nonconspedfics, resulting in the production of F) hybrid or backcross offspring. Thus, as the frequency of one spedes drops below our power to detect it in a population, its female representatives will continue to produce hybrids. Low to moderate Fc,^ values of both species along both transects (see Results), as well as the presence of longwinged individuals capable of long-distance migration, albeit at low frequendes (D. ). Howard and S. C. Britch, personal observation), suggest that occasional migrants of the missing spedes may also cause the formation of a limited number of hybrids.
The findings of this long-term look at the A. fasciatus-A. socius hybrid zone send a strong message to evolutionists, ecologists and conservation biologists. The minimum stirvey time necessary to accurately assess fitness and predict the genotypic composition of populations within a hybrid zone may be substantially longer than the 1-3-year time periods typically set aside for such studies. Increasing survey times, as well as the number of populations followed, should substantially increase our understanding of the evolutionary dynamics of hybrid zones and enhance our ability to identify the environmental factors responsible for geographical and year-to-year variation in the fitnesses of pure species and hybrid individuals.
